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HYDRAULIC SYSTEM HAVING 
REGENERATION MODULATION 

TECHNICAL FIELD 

The present disclosure relates generally to a hydraulic sys 
tem, and more particularly, to a hydraulic system having 
regeneration modulation. 

BACKGROUND 

Hydraulic machines such as, for example, dozers, loaders, 
excavators, motor graders, and other types of heavy equip 
ment use one or more hydraulic actuators to accomplish a 

variety of tasks. These actuators are ?uidly connected to a 
pump of the machine that provides pressurized ?uid to cham 
bers Within the actuators. As the pressurized ?uid moves into 
or through the chambers, the pressure of the ?uid acts on 
hydraulic surfaces of the chambers to affect movement of the 
actuators and a connected Work tool. When the pressurized 
?uid is drained from the chambers it is returned to a loW 
pressure sump of the machine. 
One problem associated With this type of hydraulic 

arrangement involves e?iciency. In particular, the ?uid drain 
ing from the actuator chambers to the sump often has a pres 
sure greater than a pressure of the ?uid already Within the 
sump, especially When the actuators are moving in a direction 
aligned With the pull of gravity (i.e., When actuator movement 
is being assisted by a Weight of the tool and associated load). 
As a result, the higher pressure ?uid draining into the sump 
still contains some energy that is Wasted upon entering the 
loW pressure sump. This Wasted energy reduces the e?iciency 
of the hydraulic system. 
One method of improving the e?iciency of hydraulic 

machine is described in US. Pat. No. 6,467,264 (the ’264 
patent) issued to Stephenson et al. on Oct. 22, 2002. The ’264 
patent describes a hydraulic system having a cylinder con 
taining a piston that is connected by a rod to drive a load. The 
piston divides an internal cavity of the cylinder into a head 
chamber and a rod chamber, both of Which are connected to 
an array of four bidirectional, proportional control valves. A 
?rst control valve controls the ?oW of hydraulic ?uid from a 
pump to the head chamber. A second control valve regulates 
the ?oW of hydraulic ?uid betWeen the head chamber and a 
return line. A third control valve governs the ?oW of hydraulic 
?uid from the pump to the rod chamber, and a fourth control 
valve controls the ?oW of hydraulic ?uid betWeen the rod 
chamber and the return line. By simultaneously operating 
different combinations of the control valves, hydraulic ?uid 
from the pump can be applied to one of the cylinder chambers 
and exhaust to the return line from the other chamber to drive 
the piston and connected load in one of tWo directions. 

Several modes of operation of the hydraulic system 
described above are disclosed in the ’264 patent, including a 
regenerative mode of operation. In the regenerative mode of 
operation, the load acting on the piston tends to extend the rod 
from the cylinder due to gravity acting on the load. In this 
mode, the third valve is opened to regulate a reverse ?oW of 
?uid exhausting from the rod chamber and control the rate at 
Which the load drops, and the ?rst control valve is opened to 
meter the ?oW of ?uid into the head chamber. The second and 
fourth control valves are closed during this mode of opera 
tion. Although little or no energy from the pump needs to be 
exerted to loWer the load, additional ?uid is still required to 
?ll the expanding head chamber. And, if all of the ?uid Were 
provided by only the pump, energy Would be Wasted in the 
pressurizing of that ?uid. In addition, if the ?uid from Within 
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2 
the rod chamber Were simply exhausted to the return line, 
energy Within that ?uid Would also be Wasted. Thus, the 
simultaneous opening of the ?rst and third control valves 
alloWs ?uid from both the rod chamber and the pump to enter 
the head chamber and help prevent cavitation. Additional 
modes of regeneration are similarly described in the ’264 
patent. 

Although the ’264 patent disclosed operational modes that 
may help increase machine e?iciency, the disclosed modes 
may be less than optimal. That is, the on/off approach to 
initiating regeneration (i.e., the opening/ closing operations of 
the valves described above) may result in poor system modu 
lation and jerky response. 
The disclosed hydraulic system is directed to overcoming 

one or more of the problems set forth above and/or other 
problems of the prior art. 

SUMMARY 

In one aspect, the present disclosure is directed to a hydrau 
lic system. The hydraulic system may include a tank con?g 
ured to hold a supply of ?uid, a pump con?gured to pressurize 
?uid, and an actuator having a ?rst chamber and a second 
chamber. The hydraulic system may also include a ?rst valve 
?uidly connected betWeen the pump and the ?rst chamber, a 
second valve ?uidly connected betWeen the pump and the 
second chamber, and a third valve ?uidly connected betWeen 
the second chamber and the tank. The hydraulic system may 
further include an operator input device displaceable from a 
neutral position to generate a signal indicative of a desired 
movement of the actuator, and a controller in communication 
With the ?rst valve, the second valve, the third valve, and the 
operator input device. The controller may be con?gured to 
open the ?rst and third valves by amounts related to the signal 
to pass ?uid, and open the second valve by an amount related 
to the signal to pass ?uid When the signal indicates a desire for 
increased actuator velocity. The third valve may continue to 
open during opening of the second valve. 

In another aspect, the present disclosure is directed to a 
method of operating a hydraulic actuator. The method may 
include receiving a ?rst operator input indicative of a desire to 
move the hydraulic actuator, directing pressurized ?uid into a 
?rst chamber of the hydraulic actuator in response to the ?rst 
operator input, and directing ?uid from a second chamber of 
the hydraulic actuator to a loW pressure reservoir in response 
to the operator input. The method may further include receiv 
ing a second operator input indicative of a desire to move the 
hydraulic actuator at an increased velocity, increasing a rate 
of ?uid ?oW into the ?rst chamber and out of the second 
chamber to the loW pressure reservoir in response to the 
second operator input, and directing ?uid from the second 
chamber of the hydraulic actuator to the ?rst chamber of the 
hydraulic actuator in response to the second operator input. A 
?oW rate of ?uid being directed from the second chamber of 
the hydraulic actuator to the loW pressure reservoir may be 
increasing When ?uid from the second chamber of the hydrau 
lic actuator is being directed to the ?rst chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic illustration of an exemplary dis 
closed poWer system; 

FIG. 2 is a schematic illustration of an exemplary disclosed 
hydraulic system that may be used With the poWer system of 
FIG. 1; and 
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FIG. 3 is a graph illustrating an exemplary disclosed opera 
tion that may be performed by the hydraulic system of FIG. 2. 

DETAILED DESCRIPTION 

FIG. 1 illustrates an exemplary power system 10 having 
multiple components that cooperate to accomplish a task. 
PoWer system 10 may be a ?xed or mobile machine that 
performs some type of operation associated With an industry 
such as mining, construction, farming, transportation, or any 
other industry knoWn in the art. For example, poWer system 
10 may be an earth moving machine such as an excavator, a 
front shovel, a dozer, a loader, a backhoe, a motor grader, a 
dump truck, or any other earth moving machine. PoWer sys 
tem 10 may include a frame 12, a Work tool 14, one or more 
hydraulic actuators 30a, 30b, 30c operatively connecting 
Work tool 14 to frame 12, an operator station 16 that facilitates 
manual control of hydraulic actuators 30a-c, and a poWer 
source 18 that drives hydraulic actuators 30a-c. 
Frame 12 may include any structural unit that supports 

movement of poWer system 10. Frame 12 may embody, for 
example, a stationary base frame connecting poWer source 18 
to a traction device, a movable frame member of a linkage 
system, or any other frame knoWn in the art. 
Numerous different Work tools 14 may be attachable to a 

frame 12 and controllable via operator station 16. Work tool 
14 may include any device used to perform a particular task 
such as, for example, a bucket, a fork arrangement, a blade, a 
shovel, a ripper, a dump bed, a broom, a snoW bloWer, a 
propelling device, a cutting device, a grasping device, or any 
other task-performing device knoWn in the art. Work tool 14 
may be connected to poWer system 10 via a direct pivot, via a 
linkage system, via one or more hydraulic cylinders, via a 
motor, or in any other appropriate manner. Work tool 14 may 
be con?gured to pivot, rotate, slide, sWing, lift, or move 
relative to poWer system 10 in any manner knoWn in the art. 

Operator station 16 may be con?gured to receive input 
from a machine operator indicative of a desired Work tool 
movement. Speci?cally, operator station 16 may include one 
or more operator interface devices 22 embodied as single or 
multi-axis joysticks or levers located proximal an operator 
seat. Each operator interface device 22 may be a proportional 
type controller displaceable through a range from a neutral 
position toWard a maximum displaced position to indicate a 
desired position, orientation, force, and/or velocity of Work 
tool 14 and to produce a corresponding position signal. It is 
contemplated that additional and/or different operator inter 
face devices may be included Within operator station 16 such 
as, for example, Wheels, knobs, push-pull devices, sWitches, 
pedals, and other operator interface devices knoWn in the art. 

PoWer source 18 may embody an engine such as, for 
example, a diesel engine, a gasoline engine, a gaseous fuel 
poWered engine, or any other type of engine knoWn in the art. 
It is contemplated that poWer source 18 may alternatively 
embody a non-combustion source of poWer such as a fuel cell, 
a poWer storage device, an electric or hydraulic motor, or 
another source of poWer knoWn in the art. 
As illustrated in FIG. 2, poWer system 10 may include a 

hydraulic system 24 having a plurality of ?uid components 
driven by poWer source 18 to move Work tool 14 (referring to 
FIG. 1). Speci?cally, hydraulic system 24 may include a tank 
26 holding a supply of ?uid, and a source 28 con?gured to 
pressurize the ?uid and direct the pressurized ?uid to hydrau 
lic actuators 30a-c. Hydraulic system 24 may also include a 
head-end supply valve 32, a head-end drain valve 34, a rod 
end supply valve 36, and a rod-end drain valve 38 located 
betWeen hydraulic actuators 3011-0 and tank 26 and source 28 
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4 
to regulate ?oWs of ?uid therebetWeen. Hydraulic system 24 
may further include a controller 40 in communication With 
the ?uid components of hydraulic system 24 to control opera 
tion of head- and rod-end supply and drain valves 32-38. It is 
contemplated that hydraulic system 24 may include addi 
tional and/ or different components such as, for example, pres 
sure compensators, accumulators, restrictive ori?ces, pres 
sure relief valves, makeup valves, pressure-balancing 
passageways, temperature sensors, pressure sensors, acceler 
ometers, position sensors, and other such components knoWn 
in the art, if desired. 
Tank 26 may constitute a reservoir con?gured to hold a 

supply of ?uid. The ?uid may include, for example, a dedi 
cated hydraulic oil, an engine lubrication oil, a transmission 
lubrication oil, or any other ?uid knoWn in the art. One or 
more hydraulic systems Within poWer system 10 may draW 
?uid from and return ?uid to tank 26. It is also contemplated 
that hydraulic system 24 may be connected to multiple sepa 
rate ?uid tanks, if desired. 

Source 28 may be con?gured to draW and pressurize ?uid 
from tank 26, and may include a pump such as, for example, 
a variable-displacement pump; a ?xed-displacement, vari 
able delivery pump; a ?xed delivery pump; or any other 
source of pressurized ?uidknoWn in the art. Source 28 may be 
drivably connected to poWer source 18 of poWer system 10 by, 
for example, a countershaft, a belt (not shoWn), an electrical 
circuit (not shoWn), or in any other suitable manner. Altema 
tively, source 28 may be indirectly connected to poWer source 
18 via a torque converter, a gear box, or in any other manner 
knoWn in the art. It is contemplated that multiple sources of 
pressurized ?uid may be interconnected to supply pressurized 
?uid to hydraulic system 24, if desired. 

It should be noted that, While FIG. 1 depicts three hydraulic 
actuators, identi?ed as 30a, 30b, and 300, for purposes of 
simplicity, the schematic of FIG. 2 depicts only a single 
generic hydraulic actuator labeled as element 30. Thus, While 
all description of hydraulic system 24 Will be With reference 
to only hydraulic actuator 30, the description may be equally 
applicable to any one of hydraulic actuators 30a-c. In addi 
tion, the description of hydraulic actuator 30 may be just as 
applicable to a sWing or traction actuator (not shoWn) that 
functions to sWing frame 12 or propel poWer system 10, or to 
any other suitable hydraulic actuator. 

Hydraulic actuator 30 may embody a cylinder that con 
nects Work tool 14 to frame 12 (referring to FIG. 1) via a direct 
pivot, via a linkage system With hydraulic actuator 30 forming 
a member in the linkage system, or in any other appropriate 
manner. As illustrated in FIG. 2, hydraulic actuator 30 may 
include a tube 52 and a piston assembly 54 (or other load 
bearing member) disposed Within tube 52. One of tube 52 and 
piston assembly 54 may be pivotally connected to frame 12, 
While the other of tube 52 and piston assembly 54 may be 
pivotally connected to Work tool 14. It is contemplated that 
tube 52 and/or piston assembly 54 may alternatively be ?x 
edly connected to either frame 12 or Work tool 14. Tube 52 
may be separated by piston assembly 54 to at least partially 
de?ne a ?rst or head-end chamber 56 and a second or rod-end 
chamber 58. First and second chambers 56, 58 may be selec 
tively supplied With pressurized ?uid from source 28 and 
selectively connected With tank 26 to cause piston assembly 
54 to displace Within tube 52, thereby changing an effective 
length of hydraulic actuator 30. The expansion and retraction 
of hydraulic actuator 30 may function to assist in moving 
Work tool 14. 

Piston assembly 54 may include a ?rst hydraulic surface 64 
and a second hydraulic surface 66 disposed opposite ?rst 
hydraulic surface 64. An imbalance of force caused by ?uid 
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pressure acting on ?rst and second hydraulic surfaces 64, 66 
may result in movement of piston assembly 54 Within tube 52. 
For example, a force on ?rst hydraulic surface 64 being 
greater than a force on second hydraulic surface 66 may cause 
piston assembly 54 to displace to increase the effective length 
of hydraulic actuator 30 (i.e., to extend hydraulic actuator 30). 
Similarly, When a force on second hydraulic surface 66 is 
greater than a force on ?rst hydraulic surface 64, piston 
assembly 54 may retract Within tube 52 to decrease the effec 
tive length of hydraulic actuator 30. A ?oW rate of ?uid into 
and out of ?rst and second chambers 56 and 58 may relate to 
a velocity of hydraulic actuator 30, While a pressure of the 
?uid in contact With ?rst and second hydraulic surfaces 64 
and 66 may relate to an actuation force of hydraulic actuator 
30. 

Head-end supply valve 32 may be ?uidly disposed betWeen 
source 28 and ?rst chamber 56 and con?gured to regulate a 
?oW of pressuriZed ?uid to ?rst chamber 56 in response to a 
extension velocity or position command from controller 40. 
Speci?cally, head-end supply valve 32 may include a propor 
tional spring-biased valve mechanism that is solenoid-actu 
ated and con?gured to move betWeen a ?rst or open position, 
at Which ?uid is alloWed to ?oW into ?rst chamber 56, and a 
second or closed position, at Which ?uid ?oW is substantially 
blocked from ?rst chamber 56. Head-end supply valve 32 
may be movable to any position betWeen the ?rst and second 
positions to vary a rate of ?uid ?oW into ?rst chamber 56, 
thereby affecting the extension velocity of hydraulic actuator 
30. It is contemplated that head-end supply valve 32 may 
alternatively be hydraulically-actuated, mechanically-actu 
ated, pneumatically-actuated, or actuated in any other suit 
able manner. It is further contemplated that head-end supply 
valve 32 may be con?gured to alloW ?uid from ?rst chamber 
56 to ?oW through head-end supply valve 32 during a regen 
eration event When a pres sure Within ?rst chamber 56 exceeds 
a pressure Within head-end supply valve 32. For the purposes 
of this disclosure, a regeneration event may include opera 
tions Where pressurized ?uid from the draining one of ?rst 
and second chambers 56, 58 may be redirected to the ?lling 
one of ?rst and second chambers 56, 58 and reused as a 
portion of the total ?oW into the ?lling chamber. 

Head-end drain valve 34 may be ?uidly disposed betWeen 
?rst chamber 56 and tank 26 and con?gured to regulate a ?uid 
?oW from ?rst chamber 56 to tank 26 in response to a pressure 
or position command from controller 40 during a retraction 
operation. Speci?cally, head-end drain valve 34 may include 
a proportional spring-biased valve mechanism that is sole 
noid-actuated and con?gured to move betWeen a ?rst or open 
position, at Which ?uid is alloWed to ?oW from ?rst chamber 
56, and a second or closed position, at Which ?uid is substan 
tially blocked from ?oWing from ?rst chamber 56. Head-end 
drain valve 34 may be movable to any position betWeen the 
?rst and second positions to vary a pressure of the ?uid Within 
?rst chamber 56. It is contemplated that head-end drain valve 
34 may alternatively be hydraulically-actuated, mechani 
cally-actuated, pneumatically-actuated, or actuated in any 
other suitable manner. 

Rod-end supply valve 36 may be ?uidly disposed betWeen 
source 28 and second chamber 58 and con?gured to regulate 
a ?oW of pressurized ?uid to second chamber 58 in response 
to the retraction velocity or position command from control 
ler 40. Speci?cally, rod-end supply valve 36 may include a 
proportional spring-biased valve mechanism that is solenoid 
actuated and con?gured to move betWeen a ?rst or open 
position, at Which ?uid is alloWed to ?oW into second cham 
ber 58, and a second or closed position, at Which ?uid is 
substantially blocked from second chamber 58. Rod-end sup 
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6 
ply valve 36 may be movable to any position betWeen the ?rst 
and second positions to vary a rate of ?uid ?oW into second 
chamber 58, thereby affecting the retraction velocity of 
hydraulic actuator 30. It is contemplated that rod-end supply 
valve 36 may alternatively be hydraulically-actuated, 
mechanically-actuated, pneumatically-actuated, or actuated 
in any other suitable manner. It is further contemplated that 
rod-end supply valve 36 may be con?gured to alloW ?uid 
from second chamber 58 to ?oW through rod-end supply 
valve 36 during a regeneration event When a pressure Within 
second chamber 58 exceeds a pressure Within rod-end supply 
valve 36. 

Rod-end drain valve 38 may be ?uidly disposed betWeen 
second chamber 58 and tank 26 and con?gured to regulate a 
?uid ?oW from second chamber 58 to tank 26 in response to 
a pressure or position command from controller 40 during an 
extension operation. Speci?cally, rod-end drain valve 38 may 
include a proportional spring-biased valve mechanism that is 
solenoid-actuated and con?gured to move betWeen a ?rst or 
open position, at Which ?uid is alloWed to ?oW from second 
chamber 58, and a second or closed position, at Which ?uid is 
substantially blocked from ?oWing from second chamber 58. 
Rod-end drain valve 38 may be movable to any position 
betWeen the ?rst and second positions to vary a pressure of the 
?uid Within second chamber 58. It is contemplated that rod 
end drain valve 38 may alternatively be hydraulically-actu 
ated, mechanically-actuated, pneumatically-actuated, or 
actuated in any other suitable manner. 

Head- and rod-end supply and drain valves 32-38 may be 
?uidly interconnected. In particular, head- and rod-end sup 
ply valves 32, 36 may be ?uidly connected in parallel to a 
common supply passageway 68 extending from source 28. A 
check valve 62 may be disposed Within supply passageWay 68 
to provide for a unidirectional ?oW of ?uid from source 28 to 
head- and rod-end supply valves 32, 36 (i.e., to inhibit bidi 
rectional ?oWs of ?uid through supply passageWay 68). 
Head- and rod-end drain valves 34, 38 may be ?uidly con 
nected in parallel to a common drain passageWay 70 leading 
to tank 26. Head-end supply and drain valves 32, 34 may be 
?uidly connected in parallel to a ?rst or head-end chamber 
passageWay 72 for selectively supplying and draining ?rst 
chamber 56 in response to the velocity and pressure or posi 
tion commands from controller 40. Rod-end supply and drain 
valves 36, 38 may be ?uidly connected in parallel to a com 
mon second or rod-end chamber passageWay 74 for selec 
tively supplying and draining second chamber 58 in response 
to the velocity and pressure or position commands from con 
troller 40. 

It should be understood that references to head-end and 
rod-end, and associated directional movements of piston 
assembly 54 caused by ?lling and draining of head-end and 
rod-end chambers (?rst and second chambers 56, 58) refer to 
the speci?c orientation and con?guration depicted in FIG. 2. 
One skilled in the art Will appreciate, hoWever, that other 
orientations and con?gurations can exist in other poWer sys 
tems. For example, although shoWn in FIG. 2 as an extension 
of hydraulic actuator 30 being generally in a direction assisted 
by the pull of gravity, the orientation of hydraulic actuator 30 
could be reversed such that a retraction of hydraulic actuator 
30 Would be generally in the direction assisted by the pull of 
gravity. It is intended that this disclosure also encompasses 
those embodiments. 

Controller 40 may embody a single microprocessor or 
multiple microprocessors that include a means for controlling 
an operation of hydraulic system 24. Numerous commer 
cially available microprocessors canbe con?gured to perform 
the functions of controller 40. It should be appreciated that 
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controller 40 could readily be embodied in a general power 
system microprocessor capable of controlling numerous 
poWer system functions. Controller 40 may include a 
memory, a secondary storage device, a processor, and any 
other components for running an application. Various other 
circuits may be associated With controller 40 such as poWer 
supply circuitry, signal conditioning circuitry, solenoid driver 
circuitry, and other types of circuitry. 
One or more maps relating interface device position, ?uid 

actuator load, command velocity or position, and command 
pressure or position for hydraulic actuator 3 0 may be stored in 
the memory of controller 40. Each of these maps may be in the 
form of tables, graphs, and/ or equations. In one example, 
interface device position, command velocity, and ?uid actua 
tor load may form the coordinate axis of a 3-D table for 
control of head- and rod-end supply valves 32, 36. Velocity 
and valve position commands associated With the appropriate 
supply valve may be related in a separate 2-D map or in 
another 3-D map, With a measured or assumed inlet pressure 
as the third input. It is also contemplated that the interface 
device position signal may be directly related to valve posi 
tion commands in a single 3-D map, if desired. In the same 
example, the three axis of another 3-D map stored Within the 
memory of controller 40 may relate load information, com 
manded velocities or positions of head- and rod-end supply 
valves 32, 36, and commanded pressures or positions of head 
and rod-end drain valves 34, 38. Controller 40 may be con 
?gured to alloW the operator to directly modify these maps 
and/ or to select speci?c maps from available relationship 
maps stored in the memory of controller 40 to affect actuation 
of hydraulic actuator 30. It is also contemplated that the maps 
may be automatically selected for use based on operation of 
poWer system 10 such as, for example, extension or retraction 
With resistive or overrunning loads, during transitioning from 
resistive to overrunning loads, and during other such opera 
tions of poWer system 10. 

Resistive modes of operation may include modes of opera 
tion during Which hydraulic actuator 30 opposes an exter 
nally-generated force. Overrunning modes of operation may 
include modes of operation during Which a load on Work tool 
14 or the mass of Work tool 14 itself naturally assists move 
ment of hydraulic actuator 30 in a desired direction. 

During operation in the resistive mode, tWo of head- and 
rod-end supply and drain valves 32-38 may typically be in the 
open positions and passing ?uid, While the remaining tWo 
valves may be in the closed positions. For example, When 
hydraulic actuator 30 is retracting against the pull of gravity 
or against another external force (resistive operation), rod 
end supply valve 36 may be commanded to move toWard the 
?rst position to ?ll second chamber 58 With pressurized ?uid 
at a rate corresponding to an operator desired Work tool veloc 
ity. Substantially simultaneously, head-end drain valve 34 
may be commanded to move toWard the ?rst position to alloW 
the ?uid from ?rst chamber 56 to drain to tank 26. In this 
situation, both of head-end supply and rod-end drain valves 
32, 38 may be maintained in the second positions to help 
prevent undesired movement of hydraulic actuator 30. Simi 
larly, When hydraulic actuator 30 is extending against the pull 
of gravity or another external force (resistive operation), 
head-end supply and rod-end drain valves 32, 38 may be 
commanded to the ?rst positions, While head-end drain and 
rod-end supply valves 34, 36 may be commanded to the 
second positions. 

During an overrunning mode of operation or during resis 
tive extension modes of operation, regeneration may be pos 
sible to improve e?iciency. That is, during the overrunning 
mode of operation When hydraulic actuator 30 is extending 
and being naturally assisted by the load of Work tool 14 or by 
the mass of Work tool 14 itself, or during the resistive exten 
sion of hydraulic actuator 30 When a pressure Within second 
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chamber 58 is greater than a pressure Within ?rst chamber 56, 
rod-end supply valve 36 may be selectively moved toWard the 
?rst position such that some of the ?uid exiting second cham 
ber 58 may be redirected into ?rst chamber 56 and reused. In 
some situations, rod-end drain valve 38 may be closed to 
increase the amount of ?uid passing from second chamber 58 
to ?rst chamber 56 via rod-end supply valve 36 during exten 
sion regeneration. Similar operation may be observed When 
hydraulic actuator 30 is retracting and being naturally 
assisted by the load of Work tool 14 or by the mass of Work 
tool 14 itself. That is, head-end supply valve 32 may be 
selectively moved toWard the ?rst position such that some of 
the ?uid exiting ?rst chamber 56 may be redirected into 
second chamber 58 and, in some situations, head-end drain 
valve 34 may be moved to the second position to increase the 
redirection. 

Controller 40 may be con?gured to receive input from 
operator interface device 22, and to command operation of 
head- and rod-end supply and drain valves 32-38 in response 
to the input and the relationship maps described above. Spe 
ci?cally, controller 40 may be in communication With head 
and rod-end supply and drain valves 32-38 of hydraulic actua 
tor 30 and With operator interface device 22 via separate 
communications lines (truncated in FIG. 2 for clarity). Con 
troller 40 may receive the position signal from operator inter 
face device 22, and reference the selected and/or modi?ed 
relationship maps stored in the memory of controller 40 to 
determine corresponding velocity and pressure or position 
commands. The velocity or position command may cause 
head-end and rod-end supply valves 32 and 36 to selectively 
?ll the appropriate chamber at a ?oW rate that results in the 
desired Work tool velocity. The pres sure or position command 
may cause head-end and rod-end drain valves 34 and 38 to 
selectively drain ?rst and second chambers 56, 58 at a ?oW 
rate that results in a desired pressure Within the corresponding 
draining chamber. It is contemplated that all of head- and 
rod-end supply and drain valves 32-38 may be controlled on 
the basis of velocity only or pressure only, if desired. 

Controller 40 may also be con?gured to selectively imple 
ment regeneration according to a predetermined strategy. 
Speci?cally, the open/closed positions of head- and rod-end 
supply and drain valves 32-38 may be commanded based on 
a displacement of operator interface device 22 and a current 
operational mode of hydraulic actuator 30 (i.e., based on 
Which of the resistive extension, resistive retraction, and over 
running modes of operation are occurring). The relationship 
betWeen interface device position and the positions of head 
and rod-end supply and drain valves 32-38 may be contained 
Within the maps stored in the memory of controller 40. 

FIG. 3 illustrates an exemplary strategy used by controller 
40 to regulate operation of hydraulic system 24 during a 
regeneration event. FIG. 3 Will be discussed in the folloWing 
section to further illustrate the disclosed system and its opera 
tion. 

INDUSTRIAL APPLICABILITY 

The disclosed hydraulic system may be applicable to any 
machine that includes a hydraulic actuator Where ?ne modu 
lation control and smooth response during a regeneration 
event are desired. The operation of hydraulic system 24 dur 
ing an exemplary regeneration event Will noW be described. 

During operation of poWer system 10, a machine operator 
may displace operator interface device 22 to indicate a 
desired movement of Work tool 14. The displacement position 
of operator interface device 22 betWeen the neutral and maxi 
mum displaced positions may relate to an operator expected 
or desired position, orientation, velocity, and/ or force of Work 
tool 14. Operator interface device 22 may generate the posi 



US 8,096,227 B2 

tion signal corresponding to the displacement position, and 
send this position signal to controller 40. 

Controller 40 may reference the position signal from 
operator interface device 22 With the relationship map(s) 
stored in the memory of controller 40 to determine appropri 
ate velocity, pressure, and/or position commands for the 
operational one of head- or rod-end supply valves 32, 36 and 
the operational one of head- or rod-end drain valves 34, 38. 
Controller 40 may then command movement of the appropri 
ate valves to regulate the ?oW rate and pressure of ?uid 
?oWing into and out of ?rst and second chambers 56, 58, 
thereby causing movement of hydraulic actuator 300 that 
substantially matches the operator expected or desired move 
ment. 

During an extension regeneration event (resistive or over 
running), controller 40 may reference the map of FIG. 3 to 
determine the appropriate position commands directed to 
head- and rod-end supply and drain valves 32-38. The map of 
FIG. 3 shoWs three curves, including a ?rst curve 100 asso 
ciated With the position of head-end supply valve 32 betWeen 
the ?rst and second positions relative to a displacement posi 
tion of operator interface device 22, a second curve 110 
associated With the position of rod-end supply valve 36, and 
a third curve 120 associated With the position of rod-end drain 
valve 38. Head-end drain valve 34 may remain closed during 
an extension regeneration event. The shaded area of the map 
of FIG. 3 may be representative of the regeneration event. 
As can be seen by reference to the map of FIG. 3, as 

operator interface device 22 is initially displaced aWay the 
neutral position (shoWn as 0% displacement in FIG. 3) toWard 
the maximum displaced position (shoWn as 100% displace 
ment in FIG. 3), only head-end supply and rod-end drain 
valves 32, 38 may be commanded to open. And, the opening 
amounts of head-end supply and rod-end drain valves 32, 38 
may be directly related to the displacement position of opera 
tor interface device 22 (i.e., the opening rate of head-end 
supply and rod-end drain valves 32, 38 relative to the dis 
placement position of operator interface device 22 may be 
generally linear). Thus, as operator interface device 22 is 
displaced to a greater extent, head-end supply and rod-end 
drain valves 32, 38 may open to a greater extent andpass more 
?uid, thus extending hydraulic actuator 30 at a greater veloc 
ity. 

Regeneration may occur once the displacement of operator 
interface device 22 has increased to a ?rst threshold amount. 
In one example, the ?rst threshold amount may be about 25% 
of the displacement range of operator interface device 22. 
Once operator interface device 22 has been displaced to about 
25% of its range, rod-end supply valve 36 may begin to open 
such that pressurized ?uid exiting second chamber 58 may 
pass both to tank 26 and to ?rst chamber 56 by Way of 
head-end supply valve 32. And, as operator interface device 
22 is displaced further, rod-end supply valve 36 may open to 
a greater extent in proportion to the displacement. In this 
manner, the pressurized ?uid exiting second chamber 58 may 
be reused and the energy spent to pressurize that ?uid may be 
at least partially conserved. During the initial stages of regen 
eration (i.e., during the initial opening of rod-end supply 
valve 36), rod-end supply valve 36 may still be opening to 
pass a greater amount of ?uid to tank 26 in response to the 
greater displacement of operator interface device 22. 
At about the same time that displacement of operator inter 

face device 22 increases to about 25% of its displacement 
range (i.e., at about the time that rod-end supply valve 36 
begins to open), the opening rates of head-end supply and 
rod-end drain valves 32, 38 may change. That is, for a dis 
placement of operator interface device 22 greater than about 
25%, the opening amount of head-end supply and rod-end 
drain valves 32, 38 relative to a displacement change of opera 
tor interface device 22 may increase. 
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10 
When the displacement of operator interface device 22 

increases to a second threshold amount, control of head-end 
supply and rod-end drain valves 32, 38 may be adjusted. In 
one example, the second threshold amount may be about 35% 
of the displacement range. When the displacement of opera 
tor interface device 22 increases to about 35% of its displace 
ment range, the opening amount of head-end supply valve 32 
may be ?xed at an amount less than a maximum opening 
capacity. In one example, the ?xed opening amount may be 
about 75% of a maximum opening capacity. At about the 
same time, the opening of rod-end drain valve 38 may peak at 
about half of a maximum opening position, and rod-end drain 
valve 38 may begin to close With further displacement of 
operator interface device 22.And, rod-end drain valve 38 may 
completely close before rod-end supply valve 36 is com 
pletely open. 

The disclosed strategy may be utilized to gradually imple 
ment regeneration such that ?ne modulation control is main 
tained and operation of hydraulic system remains smooth. 
That is, because rod-end drain valve 38 may remain open and 
even may continue to open as rod-end supply valve 36 begins 
to open and redirect ?uid for reuse, the regeneration event 
may begin gradually. This gradual initiation of regeneration 
may promote smooth operation. Further, because rod-end 
drain valve 38 gradually closes during the regeneration event, 
the smooth operation may be enhanced. And, because opera 
tion of these valves may be proportional to operator input, as 
opposed to on/off operation, ?ne modulation control may be 
maintained. 

It Will be apparent to those skilled in the art that various 
modi?cations and variations can be made to the disclosed 
hydraulic system. Other embodiments Will be apparent to 
those skilled in the art from consideration of the speci?cation 
and practice of the disclosed hydraulic system. It is intended 
that the speci?cation and examples be considered as exem 
plary only, With a true scope being indicated by the folloWing 
claims and their equivalents. 

What is claimed is: 
1. A hydraulic system, comprising: 
a tank con?gured to hold a supply of ?uid; 
a pump con?gured to pressurize ?uid; 
an actuator having a ?rst chamber and a second chamber; 
a ?rst valve ?uidly connected betWeen the pump and the 

?rst chamber; 
a second valve ?uidly connected betWeen the pump and the 

second chamber; 
a third valve ?uidly connected betWeen the second cham 

ber and the tank; 
an operator input device displaceable from a neutral posi 

tion to generate a signal indicative of a desired move 
ment of the actuator; and 

a controller in communication With the ?rst valve, the 
second valve, the third valve, and the operator input 
device, the controller being con?gured to: 
open the ?rst and third valves by amounts related to the 

signal to pass ?uid; and 
open the second valve by an amount related to the signal 

to pass ?uid When the signal indicates a desire for 
increased actuator velocity, Wherein the third valve 
continues to open during opening of the second valve. 

2. The hydraulic system of claim 1, further including a 
fourth valve ?uidly connected betWeen the ?rst chamber and 
the tank, Wherein the fourth valve remains closed When the 
?rst valve is open. 

3. The hydraulic system of claim 1, Wherein the operator 
input device is displaceable Within a range from the neutral 
position to a maximum position, and the second valve begins 
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to open When a displacement of the operator input device 
increases to about 25% of the range. 

4. The hydraulic system of claim 1, Wherein the operator 
input device is displaceable Within a range from the neutral 
position to a maximum position, and the third valve begins to 
close When a displacement of the operator input device 
increases to about 35% of the range. 

5. The hydraulic system of claim 1, Wherein the operator 
input device is displaceable Within a range from the neutral 
position to a maximum position, and the ?rst valve is ?xed at 
a partially open position for any displacement of the operator 
input device greater than about 35% of the range. 

6. The hydraulic system of claim 1, Wherein an open posi 
tion of the ?rst valve becomes ?xed before the third valve 
begins to close as a displacement of the operator input device 
increases. 

7. The hydraulic system of claim 1, Wherein the third valve 
closes completely before the second valve opens completely 
as a displacement of the operator input device increases. 

8. The hydraulic system of claim 1, Wherein an opening 
rate of each of the ?rst and third valves is substantially linear 
and changes When the second valve begins to open as a 
displacement of the operator input device increases. 

9. The hydraulic system of claim 1, Wherein the third valve 
only opens about half as much as the second valve. 

10. The hydraulic system of claim 1, Wherein an opening 
amount of the ?rst valve is greater than an opening amount of 
the third valve and less than an opening amount of the second 
valve. 

11. The hydraulic system of claim 1, Wherein the ?rst and 
third valves open at about the same time to initiate operation 
of the actuator and close at different times during operation of 
the actuator. 

12. A method of operating a hydraulic actuator, compris 
ing: 

receiving a ?rst operator input indicative of a desire to 
move the hydraulic actuator; 

directing pressurized ?uid into a ?rst chamber of the 
hydraulic actuator in response to the ?rst operator input; 

directing ?uid from a second chamber of the hydraulic 
actuator to a loW pressure reservoir in response to the 
?rst operator input; 

receiving a second operator input indicative of a desire to 
move the hydraulic actuator at an increased velocity; 

increasing a rate of ?uid ?oW into the ?rst chamber and out 
of the second chamber to the loW pressure reservoir in 
response to the second operator input; and 

directing ?uid from the second chamber of the hydraulic 
actuator to the ?rst chamber of the hydraulic actuator in 
response to the second operator input, 

Wherein a ?oW rate of ?uid being directed from the second 
chamber of the hydraulic actuator to the loW pressure 
reservoir is increasing When ?uid from the second cham 
ber of the hydraulic actuator is being directed to the ?rst 
chamber. 

13. The method of claim 12, further including inhibiting 
?uid ?oW from the ?rst chamber to the loW pressure reservoir. 

14. The method of claim 12, Wherein the ?rst and second 
operator inputs include a range from a minimum input value 
to a maximum input value, and ?uid begins to ?oW from the 
second chamber to the ?rst chamber When the second opera 
tor input increases to about 25% of the range. 

15. The method of claim 12, Wherein the ?rst and second 
operator inputs include a range from a minimum input value 
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12 
to a maximum input value, and ?uid ?oW from the second 
chamber to the loW pressure reservoir begins to decrease 
When the second operator input increases to about 35% of the 
range. 

16. The method of claim 12, Wherein the ?rst and second 
operator inputs include a range from a minimum input value 
to a maximum input value, and a ?oW of pressurized ?uid into 
the ?rst chamber becomes ?xed at an amount less than a 
maximum capacity When the second operator input is greater 
than about 35% of the range. 

17. The method of claim 12, Wherein an amount of pres 
suriZed ?uid ?oW into the ?rst chamber becomes ?xed before 
?uid ?oW from the second chamber to the loW pressure res 
ervoir reduces as a desired velocity of the hydraulic actuator 
increases. 

18. The method of claim 12, Wherein ?uid ?oW from the 
second chamber to the loW pressure reservoir stops com 
pletely before a rate of ?uid ?oW from the second chamber to 
the ?rst chamber achieves a maximum capacity as a desired 
velocity of the hydraulic actuator increases. 

19. The method of claim 12, Wherein the ?oW rates of ?uid 
into the ?rst chamber and out of the second chamber to the 
loW pressure reservoir are substantially linear and change 
When ?uid begins to ?oW from the second chamber to the ?rst 
chamber as a desired velocity of the hydraulic actuator 
increases. 

20. A poWer system, comprising: 
an engine; 
a frame con?gured to support the engine; 
a Work tool operatively connected to the frame; 
a tank con?gured to hold a supply of ?uid; 
a pump driven by the engine to pressurize ?uid; 
a hydraulic cylinder connected to move the Work tool and 

having a ?rst chamber and a second chamber; 
a ?rst valve ?uidly connected betWeen the pump and the 

?rst chamber; 
a second valve ?uidly connected betWeen the pump and the 

second chamber; 
a third valve ?uidly connected betWeen the second cham 

ber and the tank; 
a fourth valve ?uidly connected betWeen the ?rst chamber 

and the tank; 
an operator input device con?gured to generate a signal 

indicative of a displacement thereof aWay from a neutral 
position, the signal being related to a desired movement 
of the Work tool; and 

a controller in communication With the ?rst valve, the 
second valve, the third valve, the fourth valve, and the 
operator input device, the controller being con?gured to: 
open the ?rst and third valves by amounts related to the 

signal during movement of the Work tool in a ?rst 
direction assisted by the pull of gravity When the 
signal indicates a displacement of the operator input 
device aWay from the neutral position; and 

open the second valve by an amount related to the signal 
during movement of the Work tool in the ?rst direction 
When the signal indicates an increased displacement 
of the operator input device aWay from the neutral 
position, Wherein the third valve continues to open 
during opening of the second valve and the fourth 
valve remains closed during movement of the Work 
tool in the ?rst direction. 


